ABSTRACT: Electrical stimulation of cut peripheral nerves at the time of their surgical repair results in an enhancement of axon regeneration. Regeneration of axons through nerve allografts was used to evaluate whether this effect is due to an augmentation of cell autonomous neurotrophin signaling in the axons or signaling from neurotrophins produced in the surrounding environment. In the thy-1-YFP-H mouse, a single 1 h application of electrical stimulation at the time of surgical repair of the cut common fibular nerve results in a significant increase in the proportion of YFPþ dorsal root ganglion neurons, which were immunoreactive for BDNF or trkB, as well as an increase in the length of regenerating axons through allografts from wild type litter mates, both 1 and 2 weeks later. Axon growth through allografts from neurotrophin-4/5 knockout mice or grafts made acellular by repeated cycles of freezing and thawing is normally very poor, but electrical stimulation results in a growth of axons through these grafts, which is similar to that observed through grafts from wild type mice after electrical stimulation. When cut nerves in NT-4/ 5 knockout mice were electrically stimulated, no enhancement of axon regeneration was found. Electrical stimulation thus produces a potent enhancement of the regeneration of axons in cut peripheral nerves, which is independent of neurotrophin production by cells in their surrounding environment but is dependent on stimulation of trkB and its ligands in the regenerating axons themselves. ' 2006 Wiley Periodicals, Inc. J Neurobiol 00: 000-000, 2006
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INTRODUCTION
After injury to a peripheral nerve, axons proximal to the lesion are capable of regeneration. They form regenerative sprouts that, if they enter endoneurial tubes in the distal stump, can elongate and reinnervate their targets. Regenerating axons require the presence of growth promoting molecules to elongate in this pathway (Fu and Gordon, 1997) . In addition to extracellular matrix molecules, such as laminin and fibronectin, which form a growth promoting substrate, regenerating axons require a continual supply of neurotrophins. If repair of a cut peripheral nerve is delayed, the regeneration of axons is impaired (Fu and Gordon, 1995a,b) and these effects can be reversed by the application of moderate amounts of the trkB ligand, brain derived neurotrophic factor (BDNF) Gordon, 2001, 2002) . The growth of regenerating axons is severely compromised if the environment through which they must grow is deficient in either BDNF (Zhang et al., 2000) or neurotrophin 4/ 5 (NT-4/5) (English et al., 2005a) . Application of either of these molecules at the time of surgical repair of cut peripheral nerves results in an enhancement of the growth of these axons (English et al., 2005a) . The traditional, target-derived neurotrophin signaling pathway could underlie this augmentation. The mRNA for both BDNF and NT-4/5 are known to be upregulated in Schwann cells in the distal stump, but not the proximal stump, 1 week following nerve transection (Funakoshi et al., 1993; Griesbeck et al., 1995; Zhang et al., 2000) , and they could promote axon regeneration by binding to trkB receptors on regenerating neurites.
Gordon and colleagues (Al-Majed et al., 2000b; Brushart et al., 2002) suggested that an alternate source of these neurotrophins may be involved. They showed that if the proximal stump of a cut nerve is stimulated for as little as 1 h at 20 impulses per second beginning at the time of its surgical repair, the speed of reinnervation of target muscles is improved. In an effort to identify how this stimulation produces enhanced growth of regenerating axons, they examined its effects on the expression of both BDNF and its receptor, trkB, in spinal motoneurons. They found that electrical stimulation produced a potent increase in the expression of BDNF mRNA in motoneurons and a lesser, but still marked, upregulation of the mRNA for trkB (Al-Majed et al., 2000a) . A similar finding has been presented for the effects of electrical stimulation on dorsal root ganglion neurons (Geremia et al., 2005) . Neurotrophin production by Schwann cells was not studied. They postulated that electrical stimulation promoted improved motor axon regeneration, not by an increase in neurotrophin signaling originating from Schwann cells, but by an augmented trkB signaling originating from the regenerating neurons themselves.
Using allografts from genetically altered tissues to repair cut peripheral nerves in mice, the ability of Schwann cells surrounding regenerating axons to produce or bind trkB ligands can be manipulated without altering directly the production of these molecules by neurons connected to those axons (English et al., 2005a) . This approach was used in this study. Electrical stimulation of the proximal stump of the cut nerve at the time of repair is able to overcome a lack of NT-4/5 of Schwann cell origin in the environment of the regenerating axons and restore growth of regenerating axons. Using acellular allografts, which contain no intrinsic cellular source of neurotrophins or their receptors, it is shown that electrical stimulation is also sufficient to enhance axon regeneration in peripheral nerves. Growth of regenerating axons is not enhanced by electrical stimulation in cut nerves from NT-4/5 knockout mice. A preliminary report of these findings has been made (English et al., 2005b) .
METHODS

Animals and Surgical Procedures
All experimental procedures conformed to the Guidelines for the Use of Animals in Research of the Society for Neuroscience and were approved by the Institutional Animal Care and Use Committee of Emory University. Experiments were performed using mice of the thy-1-YFP-H strain as experimental subjects. In these mice, a small subset of all of the neurons with axons in peripheral nerves contains yellow fluorescent protein (YFP) throughout their axonal domains (Feng et al., 2000) . Both sensory and motor axons are labeled (Groves et al., 2005; Witzel et al., 2005) , there being slightly more of the former marked. The regeneration of axons in the common fibular (CF) nerve of these mice was studied. The CF nerve supplies the anterior and lateral leg muscles and the skin over the dorsum of the foot. It is readily accessible in the popliteal fossa and in previous studies (Groves et al., 2005; Witzel et al., 2005) , we showed that it contains more YFP þ axons (37 6 2.5 (mean 6 SD)) than observed in the other main branches of the sciatic nerve. All host mice were genotyped by observing fluorescence transcutaneously in the posterior auricular nerve.
To study regeneration of peripheral axons, the CF nerve was cut in pentobarbital-anesthetized (90 mg/kg, IP) thy-1-YFP-H mice and surgically repaired using a short (2-3 mm long) graft taken from the CF nerve of a donor mouse that did not contain the YFP transgene. This nerve allograft and the cut ends of the CF nerve in the host mouse were carefully arranged on a short length of Gore-Tex tubing that had been cut in half longitudinally. The cut ends of the nerves were aligned with those of the graft, placing the proximal stump of the host nerve with the proximal end of the graft from the donor, and similarly apposing the distal end of the graft with the original distal stump of the cut nerve. The stumps of the cut nerve were separated from each of the cut ends of the allograft by a very small gap (ca. 0.1 mm) at either end. The entire graft was then secured in place using a small volume (10 L total) of fibrin glue, which was added to the supporting tube using a pipette. The glue was prepared just prior to use by combining equal parts of fibrin and fibrinogen, and then mixing this with thrombin at equal volumes (de Vries et al., 2002; Suri et al., 2002) . Once applied to the nerve, this solution cures rapidly to form a clot and a mechanically secure connection of the graft. Once the clot was formed, the Gore-Tex tubing was removed. The allograft was used initially to provide a dark background against which the regeneration of YFP þ axons could be studied. However, the allografts are also useful in manipulating the environment of the regenerating axons. In these host mice, cut CF nerves were repaired with one of three different types of grafts, which were used to define three different treatment groups, described later. In each group, nerves were studied at 1-(n ¼ 3 for each treatment group) and 2-week (n ¼ 4 for each treatment group) survival times. Two different host scenarios for each treatment group were also implemented. In a control scenario, the regeneration of axons in cut CF nerves was unaided. These nerves were considered unstimulated (US). In the second scenario, the repaired nerve was electrically stimulated (ES).
In one treatment group, the grafts used to repair cut CF nerves were obtained from litter mates of the host thy-1-YFP-H mice. The thy-1-YFP-H mice used as hosts are maintained as heterozygotes, so that half of the members of the F 1 generation of a pairing of wild type C57BL/6J mice (the background strain) and thy-1-YFP-H mice will not contain the transgene. These mice were used as a source of control allografts.
In the second group, NT-4/5 knockout mice (Liu et al., 1995) were used as graft donors. Founders for these mice were obtained from The Jackson Laboratory. All mice were genotyped from tail DNA prior to use according to the protocol provided by the supplier. The thy-1-YFP-H mice were developed on a C57BL/6J background. The NT-4/5 À/À mice used were developed on a strain 129 background. These two strains share the H2b major histocompatibility locus, but differ in other loci (Snell, 1958; Lindahl, 1997) . On the basis of reports in the literature (reviewed by Evans et al., 1994) , one might expect little immediate rejection of nerve allografts involving such minor histocompatibility disparities, although effects at times later than those we studied might be anticipated.
In the third group, segments of CF nerves were used from wild type C57BL/6J mice, which were rendered acellular (Ide et al., 1998; Krekoski et al., 2001 ). Segments of nerves were removed from the euthanized wild type donor mouse and frozen in liquid nitrogen for 2 min. The segment was then removed and placed in normal saline at 378C for 2 min before repeating this freeze-thaw cycle two more times. The acellular nerve grafts were then frozen in liquid nitrogen until used to repair cut nerves. For use as grafts, a 2-3 mm long segment of nerve was removed, using frozen razor blades, and allowed to come to room temperature. It was then secured in place using fibrin glue, as described earlier.
In an additional group of 12 mice, the effect of eliminating NT-4/5 from the host was studied. The thy-1-YFP-H mice were bred to NT-4/5 knockout mice, and then back crossed until mice containing the thy-1-YFP-H transgene that were also homozygous for the NT-4/5 knockout were created. The CF nerves of these mice were then cut and repaired with nerve allografts, as described earlier. Four treatment groups were studied over a 2-week survival period. In six mice, the cut nerve was repaired with a graft taken from a wild type littermate. In three of these mice, the repaired nerve was electrically stimulated at the time of surgical repair. In six mice, the cut CF nerve of the NT-4/5 À/ À /YFP þ host mouse was repaired with a graft taken from a mouse homozygous for the NT-4/5 knockout. In three of these mice, the repaired nerve was electrically stimulated.
Electrical Stimulation
In experiments involving electrical stimulation, after the CF nerve had been repaired, the sciatic nerve was exposed just distal to its emergence from the pelvis, and a small bipolar cuff electrode was placed around the nerve. These electrodes were constructed from an incised piece of silastic tubing in which two sets of fine stainless steel wires had been sewn. The holes in the tubing created by passing the wires were sealed using Medical Adhesive A (Dow Corning). The inter electrode spacing for the wires was 1 mm. Similar cuff electrodes have been described in more detail by others (Loeb and Peck, 1996) . Nerves were stimulated with short duration (0.1 ms) constant voltage pulses, which were delivered through a stimulus isolation unit, at 20 Hz for 1 h. Stimulus intensity was adjusted to a level twice that required for just evoking a visible twitch in the gastrocnemius muscle. Typically stimulus intensities in the range of 0.5-5.0 V were used. The cut and repaired CF nerves in the unstimulated mice were fitted with cuff electrodes, but were not subject to stimulation. After 1 h of continuous stimulation, the cuffs were removed, all wounds were sutured closed, and animals were allowed to recover from anesthesia before returning them to their cages.
Tissue Preparation and Data Collection
After a 1-or 2-week survival period, mice were euthanized with pentobarbital (150 mg/kg, IP) and perfused, transcardially, with normal saline followed by fixation in periodatelysate-paraformaldehyde (PLP) fixative solution (McLean and Nakane, 1974) . On both sides of each animal the entire sciatic nerve was exposed, removed, and placed on a microscope slide. The branches of the nerve were carefully arranged such that the grafted CF nerve was oriented as in the body and then the entire nerve was cover slipped using Vectashield mounting media. Edges of the cover slip were sealed using nail polish. These whole mounts were viewed using a laser scanning confocal microscope (Zeiss LSM-510). Stacks of optical sections through the nerve were obtained at relatively low power (10Â) at 10 m intervals. Stacks from adjacent microscope fields were stitched together using Adobe Photoshop such that the entire CF nerve from just proximal to the surgical repair site to its entrance into the peroneal muscles was visualized as one large stack of aligned optical sections. Profiles of regenerating axons could be followed through this stack from their distal tips to the proximal surgical repair site. The lengths of these profiles were then measured using Image Pro Plus software.
The YFP þ axon profiles measured are often branches of individual axons. Since the branching often occurs distal to the injury site, the lengths of these profiles, from their distal tip to the surgical repair sites, contains both the lengths of the branch and the length of its parent axon below the surgical repair site. If several branches emanate from the same parent axon, the length of the parent axon from the injury site to the branch point is included in the length measurements made of each branch. We understand that by measuring axon profiles in this manner, we may not be able to differentiate between the effect of electrical stimulation on an increase in branching of a subset of axons (especially if the branching occurs far from the repair site) and an effect due to a more uniform axon elongation.
Data Analysis
As has been shown elsewhere (English et al., 2005a; Groves et al., 2005) , the distribution of axon profile lengths measured in nerve allografts is not statistically normal. Some axons grow very little, even during a 2-week survival pePeripheral Axon Regenerationriod, while others grow considerably, giving rise to a bimodal distribution of lengths. Thus the significance of differences between treatment groups in these experiments could not be evaluated using parametric statistical methods, such as t-test or analysis of variance (ANOVA), because they assume that the data are derived from normally distributed samples. Instead, two different approaches were taken. First, a nonparametric measure, the Kolmogorov-Smirnov (KS) two-sample test, was used to examine the probability that the distributions of axon profile lengths measured in different treatment groups are samples drawn from the same population. This method makes no assumption about the nature of these distributions. Second, the median axon profile length was determined in each nerve studied in each mouse. Because these individual values were found to be distributed normally, the significance of differences in average median axon profile lengths between the different treatment groups was evaluated using ANOVA and post hoc (Fisher Least Significant Differences (LSD)) testing.
Histology
To investigate the structure of the endoneurial tubes of acellular grafts, we prepared acellular grafts by repeated freezing and thawing and either used them to repair cut nerves, as described earlier, or fixed them immediately in PLP. The grafts used to repair cut nerves were harvested 1 or 2 weeks later and fixed similarly. Harvested grafts were sectioned on a cryostat at 20 m thickness. The sections were mounted on slides, reacted with an antibody to laminin-2 (Sigma, Clone 4H8-2) at a dilution of 4 g/mL for 18 h at 48C, washed, and then reacted with a species appropriate secondary antibody conjugated to Alexa Fluor 594 (Molecular Probes). Slides were cover slipped with Entellan and viewed using fluorescence microscopy.
To study the effects of electrical stimulation on the expression of BDNF and the full length trkB receptor (trkB FL ) in regenerating neurons, we compared immunoreactivity to these two molecules in sections through dorsal root ganglion (DRG) neurons. In 16 thy-1-YFP-H mice, the CF nerve was cut and surgically repaired, bilaterally, using an acellular allograft from a nonfluorescent donor, as described earlier. In half of these animals, the sciatic nerve proximal to the transection was electrically stimulated at the time of nerve repair, as described earlier. In an additional eight mice, the intact sciatic nerve was stimulated without nerve transection. Seven or 14 days later, all of these animals were euthanized and perfused with PLP fixative and the L4 DRGs were harvested for histology. The ganglia were serially sectioned in a horizontal plane on a cryostat and alternate 20 m thick sections were reacted with antibodies either to the full length trkB receptor (SC-12, Santa Cruz Biotechnology) or to BDNF (SC-546, Santa Cruz Biotechnology). The primary antibodies were diluted (1:150) in a solution consisting of 0.1M phosphate buffer solution (PBS), pH 7.4, 10% normal goat serum, and 0.3% Triton-X 100 for 18 h at 48C, washed in buffer, and then reacted with biotinylated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories) diluted 1:200 in buffer for two hours at 238C. Following a wash in buffer solution, the sections were then reacted with Cy5 conjugated streptavidin (Jackson ImmunoResearch Laboratories) diluted to a concentration of 2 g/mL in PBS for 1 h at 238C. Washed and dried sections were cover slipped with Entellan. The YFP fluorescence is very bright in these sections. The very long wavelength fluorophore, Cy5, was chosen for immunofluorescence to insure that any fluorescence noted in analysis was not due to YFP. In histological sections containing profiles of YFPþ DRG neurons, 5 m thick optical sections were obtained at a plane through the nucleus using confocal microscopy. Each such YFPþ DRG neuron was scored as positive or negative for immunoreactivity to BDNF or the full length trkB receptor. The mean percentage of YFPþ cells scored as positive was compared between the three groups of mice using ANOVA and appropriate post hoc paired (LSD) testing. Significance levels were set at p < 0.05.
RESULTS
Effects of Electrical Stimulation on Peripheral Axon Regeneration
In thy-1-YFP-H mice, CF nerves were cut and repaired with a 2-3 mm long allograft harvested from a wild type litter mate, and then the proximal stump of the sciatic nerve was electrically stimulated continuously for 1 h at 20 Hz. 1 or 2 weeks later these repaired nerves were harvested and YFP þ axons that had regenerated into the graft from the proximal stump were studied using confocal microscopy. From reconstructed optical sections through the nerve, the lengths of axon profiles were measured from their distal tips to the surgical repair site between the proximal stump and the graft. Examples of representative optical sections through nerves that had been surgically repaired 2 weeks earlier using grafts from wild type mice and were either unstimulated (US) or electrically stimulated (ES) are shown in Figure 1 .
Grafts were used to repair cut nerves partly because they form a dark background against which regenerating YFP þ axons could be visualized in the absence of any fluorescence associated with degenerating host axons distal to the injury site. Such fluorescence usually disappears from the original distal stump approximately 10 days after nerve repair (English et al., 2005a) . In the animals surviving 2 weeks, growth of some regenerating axons is sufficient to have passed completely through the 2-3 mm long graft and into the original distal stump of the cut nerve. Confusion of fluorescence in the original distal stump between the products of anterograde degeneration and profiles of regenerating axons was never a problem in the nerves studied. Similarly, the presence of fluorescence in the original distal stumps in animals surviving 1 week was never a confounding issue, since regenerating axons rarely grow this far during the first postinjury week (Groves et al., 2005 ) (see below).
Frequency distributions of axon profile lengths were constructed for each graft using a bin size of 100 m. The distributions for each of the grafts studied in each of the treatment groups were then averaged (n ¼ 3 or 4, depending on the survival time) and the resulting average distributions were plotted as cumulative frequency distributions (6SEM). The distributions of axon profile lengths measured in these grafts for mice in which the proximal stumps were electrically stimulated (ES) and mice in which no stimulation was applied (US) are shown in Figure 2 . Data are presented for 1-week (B) and 2-week (C) survival periods. A significant (KS, p < 0.05) shift in the cumulative distribution of axon profile lengths to the right in the electrical stimulation group 1 week after nerve repair reflects an enhancement of axon regeneration produced in response to electrical stimulation (Fig. 2B ). This shift means that, at any axon profile length, significantly more axon profiles are found at that length or longer in the electrically stimulated group than the unstimulated group. A more subtle but significant (KS, p < 0.05) effect is noted 2 weeks after nerve repair (Fig. 2C) . Arrows point to the region near the center of the cumulative frequency distribution, which is shifted significantly to the right of that found in controls.
Effects of Electrical Stimulation on Regeneration of Axons through Grafts from NT-4/5
À/À Mice
The use of grafts from NT-4/5 knockout mice to repair cut CF nerves was designed to manipulate the environment surrounding the regenerating axons by using cells in the graft that could not make NT-4/5. As has been shown previously (English et al., 2005a) , the distribution of axon profile lengths measured in grafts from NT-4/5 À/À mice surviving 2 weeks is shifted significantly (KS, p < 0.05) to the left of that from measurements made in grafts from wild type mice (data not shown). This difference reflects the poor growth of regenerating axons in an environment in which Schwann cell-derived NT-4/5 is absent (English et al., 2005a) . Median axon profile length measured in grafts from NT-4/5 knockout mice 1 week after nerve repair is not significantly different from that measured at the same time in grafts from wild type mice (LSD, p ¼ 0.55) (Fig. 3A) . This was not surprising. The mRNA for NT-4/5 is not elevated Figure 1 Low magnification images of two common fibular nerves are used to show the effects of electrical stimulation on the regeneration of cut axons. Each nerve had been cut and surgically repaired 2 weeks earlier using a ca. 2 mm long graft from a wild type donor mouse. The boundaries of each graft are indicated by arrows. The overall image of each nerve is a montage, constructed from images of several microscope fields, each taken at the same confocal plane through whole mounts of the nerve. They thus represent a single optical section through the nerve from proximal to the lesion site to its muscle entry point. By 2 weeks after nerve repair, any residual fluorescence in the original distal stump (distal to the graft) due to the degeneration of the host axons has disappeared. Fluorescence found in this region thus represents profiles of regenerating axons that have grown entirely through the grafts. The nerve on the right (ES) was stimulated for 1 h at the time of the nerve repair. The nerve on the left (US) was from a mouse that was unstimulated. Note that in the US nerve, build-up and recurrent loopings of regenerating axons are found near the proximal and distal attachments of the host nerve to the graft (open arrows). No such effects were noted in the electrically stimulated nerve and larger numbers of regenerating axon profiles are present. [Color figure can be viewed in the online issue, which is available at www.interscience. wiley.com.] in the distal stump of cut and repaired nerves until nearly a week after injury (Funakoshi et al., 1993; Griesbeck et al., 1995; Zhang et al., 2000) . After 2 weeks, the growth of axons through an environment devoid of Schwann cell-derived NT-4/5 is slowed markedly (LSD, p < 0.001) (Fig. 3B) , as has been noted elsewhere (English et al., 2005a) . If nerves repaired using grafts from NT-4/5 knockout mice are electrically stimulated, average median lengths of axon profiles measured in grafts from NT-4/5 À/À mice are significantly longer, after both 1 (LSD, p < 0.001) and 2 weeks (LSD, p < 0.001) (Fig. 3A,B) .
Effects of Electrical Stimulation on Axon Regeneration through Acellular Grafts
The effect of electrical stimulation in overcoming the lack of NT-4/5 in the pathway through which they regenerate could be the result of an enhancement of trkB signaling known to be produced by electrical stimulation (Al-Majed et al., 2000a) . Presumably normal amounts of BDNF in these grafts could signal more strongly to regenerating neurons through the increased amounts of neuronal trkB produced by electrical stimulation. However, it is also possible that electrical stimulation is able to reverse the effects of deleting Schwann cell-derived NT-4/5 in the environment of regenerating axons by enhancing a cell autonomous stimulation of axon growth, as suggested previously (Al-Majed et al., 2000a) . Regenerating axons could regulate their own growth by signals they produce in response to electrical stimulation. To investigate this latter possibility, grafts of CF nerves from wild type mice, which were made acellular by repeated freezing and thawing, were used to repair cut CF nerves in thy-1-YFP-H mice. It was assumed that this process kills all of the cells in the grafts, leaving only the endoneurial tubes and extracellular matrix intact (Ide et al., 1998; Krekoski et al., 2001) . It was also assumed that, over the time periods studied, migration of host cells into the graft was minimal (Hall and Berry, 1989; Anderson et al., 1991; Dubovy et al., 2001; Kimura et al., 2005) . Data from stimulated and unstimulated acellular grafts at 1 and 2 weeks after nerve repair were compared with data from unstimulated cellular (control) grafts obtained from wild type mice. Median axon profile lengths measured in grafts in these four groups are shown in Figure 4A and 4B. One week after repair of the cut CF nerve with an acellular graft, the average median axon profile length was not significantly different (LSD, p ¼ 0.52) from that measured in grafts from wild type mice (Fig.  4A) . By 2 weeks after nerve repair, the median axon profile lengths measured in acellular grafts are significantly (LSD, p < 0.0001) shorter than those found in cellular grafts (Fig. 4B) . Electrical stimulation of the proximal stumps of the cut CF nerves results in a marked change in this pattern. The median length of axon profiles measured in electrically stimulated mice whose nerves were repaired using acellular grafts is significantly greater than that found in controls (LSD, p < 0.001) at both times studied (Fig. 4A,B) .
As noted earlier, it is assumed that making these grafts acellular will remove any source of neurotrophins from them, but that the Schwann cell basal lamina within the endoneurial tubes in the grafts will be retained. Using immunohistofluorescence analysis of tissue sections made through regions of acellular grafts used to repair cut nerves, we have validated this assumption. Transverse sections through such grafts were reacted for the demonstration of immunoreactivity to laminin-2. Grafts were studied at the time of implantation (Fig. 4C) and 1 (Fig. 4D ) and 2 weeks (Fig. 4E) after being used to repair cut nerves in unstimulated mice. Distinct laminin-2-lined endoneurial tubes are present in all three images, even those from grafts that had been used to repair cut nerves and in which little axon regeneration had progressed. Enlarged laminin-2-lined spaces, distinct from blood vessels, are visible among smaller endoneurial tubes (Fig. 4 D,E: arrows) in sections from grafts that had been implanted. As has been reported by others (Ide et al., 1998; Krekoski et al., 2001) , such seemingly enlarged endoneurial tubes also were found in control (cellular) grafts (data not shown).
Effects of Electrical Stimulation on Axon Regeneration in NT-4/5 Knockout Mice
When axons in the CF nerve of NT-4/5 knockout mice are constrained to grow through an environment in which NT-4/5 is absent, the distribution of axon profile lengths (Fig. 5A , thin solid line) is not significantly different from that observed in controls (KS, p ¼ 0.39)-that is axons from wild type mice regenerating into grafts from wild type mice (Fig. 5A , dashed line). If regenerating axons from NT-4/5 knockout mice grow through a graft from a wild type mouse, the distribution of axon profile lengths (Fig. 5A , thick solid line) is shifted significantly (KS, p < 0.01) to the right of that observed either in controls or when both graft and host contained no NT-4/5. This shift means that for any given axon profile length, significantly more axon profiles are found that length or longer in grafts from wild type mice. Similarly, median axon profile length is significantly (LSD, p < 0.001) larger than controls when measured in grafts from wild type mice used to repair cut CF nerves in NT-4/5 knockout mice, but not when the axon profiles are measured in grafts from NT-4/5 knockout mice (LSD, p ¼ 0.93) (Fig. 5B, inset) .
If the cut and repaired CF nerves of NT-4/5 knockout mice were electrically stimulated at the time of nerve repair, a different situation was found (Fig.  5B) . Irrespective of the type of graft used to repair the cut CF nerve of NT À4/5 À/À mice, electrical stimulation produced no significant enhancement of the growth of regenerating axons. The distributions of axon profile lengths were not significantly different from those of unstimulated mice repaired with the same type of graft (Fig. 5B) . Whether the type of graft used to repair the cut nerves was obtained from a wild type mouse or from an NT-4/5 knockout mouse, median axon profile lengths were actually significantly (LSD, p < 0.0001) smaller than in unstimulated NT-4/5 knockout mice (Fig. 5B, inset) . When compared to median axon profile lengths measured in grafts from wild type mice used to repair cut nerves in unstimulated wild type mice, no significant (LSD, p ¼ 0.29) differences were found.
Number of Axon Profiles
It is possible that the effects of electrical stimulation could be due to an increase in the growth of regenerating axons, as we have assumed earlier. It is also possible that the effects observed could be accounted for by a change in the extent of branching of a subset of axons, especially if that branching occurred far distal to the surgical repair site. Because of our subjective impression that such branching was not a hallmark of the measurements made, we tend to favor the former interpretation. However, to assay for the extent of branching of regenerating axons, we counted the number of YFPþ axon profiles in each case studied, and evaluated the significance of differences between the Figure 4 Effects of electrical stimulation on the regeneration of axons through acellular grafts. The protocol is similar to that described in Figure 2 , except that the grafts from wild type (WT) mice used to repair the nerve either were untreated or were made acellular by repeated freeze-thawing before use. Median lengths (þSEM) of YFP þ axon profiles measured in grafts from these different donors, which were used to repair electrically stimulated (ES) nerves or unstimulated (US) nerves, are shown 1 (A) or 2 weeks (B) after the nerve repair. Panels C-E are images of transverse sections through acellular grafts before (C), 1 week (D) and 2 weeks (E) after being used to repair cut nerves. Each has been reacted with an antibody to laminin-2. Arrows indicate examples of enlarged spaces found in implanted grafts. Scale bar ¼ 200 m.
different treatment groups using ANOVA. These data are shown in Figure 6 . No significant differences were found between electrically stimulated and unstimulated mice.
BDNF and trkB FL Content of Regenerating Axons
In previous experiments, it has been shown using in situ hybridization that the mRNA for both BDNF and trkB is elevated in rats in which cut and repaired nerves were electrically stimulated. This upregulation of these persisted for several days (Al-Majed et al., 2000a) . It was assumed that a similar increase would be found in the mouse. We studied the effects of ES on the expression of BDNF and trkB in YFPþ neurons in sections through the L4 DRG that had been reacted with well characterized antibodies. To evaluate this expression among neurons whose axons had been studied in regenerating peripheral nerves, we scored each YFPþ DRG neuron for its immunoreactivity to one or the other of these antibodies. We have shown that in thy-1-YFP-H mice, DRG neurons containing the YFP marker are approximately equally divided between large and small sized cells (English et al., 2005a) . In comparison to the overall cell size distribution in these ganglia (Liebl et al., 1999) , this means that the sample and YFP þ were identified. The common fibular nerves of these mice were cut and repaired using grafts obtained either from NT-4/5 À/À mice that were YFP -or wild type (NT-4/5 þ/þ and YFP -) mice. Cumulative frequency distributions of axon profile lengths measured in these unstimulated mice are shown in panel A. The format is the same as that of Figure 2 . In panel B, data are shown in a similar format from measurements of axon profile lengths in a set of these animals in which the repaired nerve was electrically stimulated. Inset is a graph of average median axon profile lengths (þSEM) for these four treatment groups.
of DRG neurons defined by the presence of YFP is slightly biased toward larger cells.
In intact mice, immunoreactivity to BDNF is strongest in small to medium sized neurons and weak or absent in larger cells (Fig. 7A,B) . Slightly fewer than half of the YFPþ DRG neurons studied in ganglia from intact mice were scored as immunoreactive for BDNF (Fig. 7F) . If the sciatic nerve is transected and surgically repaired, the pattern of immunoreactivity found in the ganglia changes (Michael et al., 1999; Zhou et al., 1999; Karchewski et al., 2002) . Immunoreactivity to BDNF decreases in small diameter neurons and large cells become much more strongly immunoreactive, both 7 and 14 days later (Fig. 7C) . However, among YFPþ DRG neurons, no significant (LSD, p ¼ 0.87 at 1 week, p ¼ 0.372 at 2 weeks) change in the proportion of neurons scored as positive for BDNF was noted (Fig. 7F) . If the sciatic nerve was electrically stimulated for 1 h in intact mice, a striking increase in the amount of BDNF immunoreactivity was noted in sections through the L4 DRG (Fig. 7D) . Both 1 and 2 weeks later, most neurons were immunoreactive and among YFPþ DRG neurons, the proportion scored as immunoreactive increased significantly relative to unstimulated mice (LSD, p < 0.001 at both times) (Fig. 7F) . If the proximal stumps of cut sciatic nerves were electrically stimulated at the time of their surgical repair a similar increase in immunoreactivity was observed both 1 and 2 weeks later (Fig. 7E) . Among YFPþ neurons, a significant (LSD, p < 0.001 at both times) increase in the proportion of neurons scored as immunoreactive to BDNF, relative to unstimulated mice was found. This increase was not significantly different from that noted in intact electrically stimulated neurons (LSD, p ¼ 0.25 at 1 week, p ¼ 0.20 at 2 weeks) (Fig. 7F) .
In intact mice, immunoreactivity to the full length trkB is strongest in medium to large sized neurons and weak or absent in smaller cells (Fig. 8A,B) . As we have shown previously (English et al., 2005a) , slightly fewer than half of the YFPþ DRG neurons studied in the L4 ganglia from intact mice were scored as immunoreactive for trkB FL (Fig. 8F) . If the sciatic nerve is transected and surgically repaired, the intensity of immunoreactivity is decreased somewhat (Karchewski et al., 2002) , but no obvious change in this general pattern is observed (Fig. 8C) . Among YFPþ DRG neurons, no significant change in the proportion of neurons scored as positive for trkB FL was noted, either one (LSD, p ¼ 0.44) or two (LSD, p ¼ 0.68) weeks later (Fig. 8F) . If the sciatic nerve was electrically stimulated for 1 h in intact mice, a striking increase in the amount of trkB FL immunoreactivity was noted in sections through the L4 DRG (Fig. 8D) . Both 1 and 2 weeks later, many more neurons were immunoreactive and, among YFPþ DRG neurons, the proportion scored as immunoreactive increased significantly (LSD, p < 0.001 at both times) (Fig. 8F) . If the proximal stumps of cut sciatic nerves were electrically stimulated at the time of their surgical repair, a similar increase was observed both 1 and 2 weeks later (Fig. 8E) . Among YFPþ neurons, a significant (LSD, p < 0.001 at both times) increase in the proportion of neurons scored as immunoreactive to trkB FL was found relative to unstimulated mice. This increase was not significantly different (LSD, p ¼ 0.23 at 1 week, p ¼ 0.84 at 2 weeks) from that noted in intact electrically stimulated neurons (Fig. 8F) .
DISCUSSION
In pioneering work, Gordon and colleagues showed that both the speed of reinnervation of target muscles and the sensorimotor precision with which they were reinnervated was enhanced if the proximal stump of the cut nerve was stimulated electrically at the time of surgical repair (Al-Majed et al., 2000b) . Since such stimulation resulted in the upregulation of the mRNA for both BDNF and its receptor, trkB, in motoneurons and dorsal root ganglion cells (Geremia et al., 2005) , they postulated that the enhancement of axon regeneration produced by electrical stimulation was the result of an enhancement of a cell autonomous regulation of axon growth. In particular, they speculated that electrical stimulation promoted an increase in trkB signaling originating from BDNF of neuronal origin (Al-Majed et al., 2000a) . All of the results presented earlier are consistent with the interpretation that electrical stimulation exerts its effects through such a cellular mechanism. As shown previously (English et al., 2005a) , if the environment surrounding regenerating axons in peripheral nerves is made deficient in the trkB ligand NT-4/5 by repairing cut nerves with grafts from NT-4/5 À/À mice, the growth of regenerating axons is markedly reduced. If the proximal stumps of cut CF nerves of wild type mice, which were repaired with grafts from NT-4/5 À/À mice, are electrically stimulated at the time of surgical repair, the anticipated defect in regenerative axon growth is completely reversed. It is notable that this effect of electrical stimulation is similar to the effect observed when grafts from NT-4/5 À/À mice were used to repair cut CF nerves in wild type mice and they were treated at the time of surgical repair either with recombinant human BDNF or NT-4/5 (English et al., 2005a) . The simplest explanation of these findings is that the increase in neuronal BDNF and trkB, which is thought to accompany electrical stimulation (AlMajed et al., 2000a) , forms the basis for a cell autonomous regulation of axon growth, but evidence to support such a mechanism of action has been lacking.
Even though electrical stimulation might result in an increase in trkB signaling in regenerating axons, our interpretation is complicated by the fact that more than one cellular source of the ligands for that receptor are known. In addition to the production of trkB ligands by most motoneurons (Buck et al., 2000; Copray and Kernell, 2000) and some dorsal root ganglion cells (Mendell, 1996) , Schwann cells in the distal stump synthesize both BDNF and NT-4/5, beginning as early as four days after injury (Funakoshi et al., 1993; Griesbeck et al., 1995; Zhang et al., 2000) . Thus, the rapid upregulation of the mRNA for trkB in motoneurons described following electrical stimulation could result in an increase in trkB signaling in regenerating axons produced by BDNF of neuronal origin (which acts on the regenerating axons themselves and/or the surrounding axons) or BDNF (or/and NT-4/5) produced by Schwann cells in the surrounding environment (a form of target derived neurotrophin signaling). The finding that electrical stimulation of the proximal stump at the time of surgical repair of cut nerves is sufficient to overcome the lack of NT-4/5 in the regeneration pathway supports the hypothesis that the efficacy of electrical stimulation is related to an upregulation of signaling through neuronal trkB. The source of the ligands for these receptors is not addressed by these experiments. Acellular grafts were used as a means of evaluating the source of the ligand. In these grafts, Schwann cells have been destroyed, leaving behind endoneurial tubes and their associated extracellular matrix (Ide et al., 1998; Krekoski et al., 2001) (Fig. 4C-E) . These grafts contain neither neurotrophins nor the cellular machinery with which to synthesize them. Even though some migration of cells into these grafts from the cut stumps of the CF host nerve can occur (Hall and Berry, 1989; Anderson et al., 1991; Dubovy et al., 2001; Kimura et al., 2005) , it was assumed that, since an upregulation of the mRNA for BDNF is not found in the proximal stumps of cut nerves (Zhang et al., 2000) , their ability to synthesize and secrete neurotrophins into the environment of the regenerating axons was much less than the Schwann cells destroyed in the repeated freeze-thaw process used to prepare them. In 2 weeks, Schwann cells migrate only 100-200 m into acellular grafts (Dubovy et al., 2001) . Therefore, neurotrophins of Schwann cell origin would not be expected to contribute significantly to axon regeneration during the first week following nerve repair. Consistent with our assumption and these data, the growth of regenerating axons through unstimulated acellular grafts is not significantly different than through intact grafts after 1 week, but it is markedly slower at the 2-week survival time studied.
An underlying assumption of our interpretations is that electrical stimulation of the proximal stump of a cut peripheral nerve will result in an increase in both trkB and its ligands in the regenerating axons. This assumption is based on the finding of Gordon and colleagues that the mRNA for both BDNF and trkB is increased significantly and persistently in rat femoral motoneurons after electrical stimulation (Al-Majed et al., 2000a) . To provide some validity to our assumption in the mouse, we investigated the expression of these proteins in the L4 DRG in stimulated and unstimulated mice. In contrast to highly immunoreactive motoneurons (Buck et al., 2000; Copray and Kernell, 2000) , only about half of the YFPþ DRG neurons in intact mice are immunoreactive for the full length trkB molecule (English et al., 2005a) . As others have shown (Michael et al., 1999; Zhou et al., 1999; Karchewski et al., 2002) , axotomy results in a change in BDNF expression in DRG neurons from mainly small, presumably trkA containing cells to medium to large size neurons. In addition, the proportion of DRG neurons containing both BDNF and trkB is increased (Karchewski et al., 2002) . We found that the proportions of YFPþ DRG neurons that express either BDNF or trkB FL increase dramatically following electrical stimulation, whether or not peripheral nerves had been cut. We interpret these findings as in support of our assumption that electrical stimulation produces an increase in both BDNF and trkB FL protein in regenerating axons. Coupled with the finding that electrical stimulation enhances the regeneration of axons through acellular grafts, which have no known source of Schwann cell neurotrophins, at both survival times, we feel that these observations are strong evidence in support of the cellular mechanism proposed by others (AlMajed et al., 2000a) , that electrical stimulation promotes axon regeneration by enhancing trkB signaling originating from the regenerating axons.
Electrical stimulation failed to enhance the growth of regenerating axons in NT-4/5 knockout mice. In fact, when compared with appropriate controls, electrical stimulation actually resulted in a significant inhibition of growth of regenerating axons in these mice. Unfortunately, it was not possible to conduct analogous experiments with BDNF knockout mice, since they do not survive (Jones et al., 1994; Ernfors et al., 1995; Conover and Yancopoulos, 1997) . Given that BDNF and NT-4/5 seem to be interchangeable in promoting the growth of regenerating axons (English et al., 2005a) , we would speculate that if we could perform such an experiment, its outcome would be the same as has been observed in the present study using NT-4/5 knockout mice. These findings are interpreted to mean that the growth enhancing effect of electrical stimulation requires trkB signaling, and they are consistent with the hypothesized role of neuronal neurotrophins regulating the growth of their own or surrounding regenerating axons (Al-Majed et al., 2000a) .
However, we draw this conclusion with a slight reservation. It is important to consider that the population of neurons studied in the NT-4/5 knockout might not be exactly the same as those studied in wild type mice. In NT-4/5 knockout mice, it has been reported that some lumbar dorsal root ganglion neurons die (Conover and Yancopoulos, 1997 ) and others do not differentiate normally (Kirstein and Farinas, 2002) . It is not yet known if the same is true for motoneurons. Because of this potential difference, it is possible that the growth of regenerating axons in NT-4/5 knockout mice might be less dependent on NT-4/5 from any source than the growth of regenerating axons in wild type mice. The relatively normal growth of axons in NT-4/5 knockout mice through grafts from NT-4/5 knockout mice might reflect that independence. The enhanced growth noted when these axons grow through grafts from wild type mice might be interpreted as a growth promoting effect of NT-4/5 produced by Schwann cells in the graft. Even though such an interpretation does not necessarily degrade the conclusions of the present study, it does complicate them. Study of axon regeneration in a conditional NT-4/5 (or BDNF) knockout mouse would resolve this concern.
One might postulate that two parallel trkB signaling pathways exist in regenerating peripheral axons. A target derived pathway utilizing BDNF and/or NT-4/5 becomes active as Schwann cells in the distal stump begin to produce larger quantities of these ligands and secrete them into the environment of the regenerating axons. The timing of activation of this pathway corresponds well with the growth of regenerating axons, which have formed regenerative sprouts and crossed the injury site to invade the distal stump, or in the case of the experiments described earlier, a nerve allograft. A second trkB signaling pathway is driven by NT-4/5 (and/or BDNF) secretion from the regenerating axons themselves. Under normal circumstances signaling via this route is not sufficient to promote axon regeneration by itself, since the growth of regenerating axons is profoundly slowed in the absence of NT-4/5 in their environment. Neurotrophin signaling originating from regenerating axons is found early in the regeneration process, and on the basis of its selective recruitment by electrical stimulation, it can be enhanced sufficiently to support the regeneration of axons in peripheral nerves irrespective of the neurotrophin content in their immediate environment.
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